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INFLUENCE  OF  TEMPERING,  PRESTRAINING,  AND  RETEMPERING  ON  THE  STRENGTH 
AND  TOUGHNESS  OF  HIGH-STRENGTH  4340  STEEL 

ABSTRACT 


The  influence  of  tempering,  prestraining,  and  retempering  on  the  strength 
and  toughness  of  martensitic  and  bainitic  4340  steel  rods  was  investigated. 

The  initial  neat  treatment  consisted  of  a  quench  and  temper  to  obtain  marten¬ 
site  in  one  group  and  formation  of  bainite  at  F?5  F  followed  by  tempering  in 
the  second  group.  Reductions  of  area  of  4  tc  percent  were  effected  by  cold 
drawing  through  a  die  with  and  without  backpull,  followed  by  a  retempering 
treatment.  Ultimate  tensile  strengths  approaching  385,000  psi  for  the  marten¬ 
sitic  structure  and  283,000  psi  for  the  bainitic  structure  resulted  with 
yield-tensile  strength  ratios  approaching  unity.  Notch  tensile  strength  of 
the  bainite  was  superior  to  that  of  martensite  at  comparable  strength  levels. 
The  prestraining  also  caused  a  yield  point  drop  and/or  serrations  in  the  flow 
curves.  This  was  influenced  by  specimen  test  temperature  and  strain  rate, 
tempering  temperature,  and  retempering  temperature. 
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INTRODUCTION 


The  problem  of  improving  the  strength  level  of  alloy  steels  while  main¬ 
taining  an  acceptable  level  of  toughness  has  been  of  prime  concern  in  recent 
years.  Several  general  areas  have  been  investigated  including  development  of 
new  alloys,  heat  treatment,  processing  techniques,  and  combinations  of  these. 
The  new  alloys  have  resulted  in  development  of  the  maraging  steels,1  while 
the  heat  treatment  and  processing  techniques  hsre  received  attention  through 
the  development  of  thermomechanical  treatments.2  Thermomechanical  treatments 
result  in  the  greatest  strength  increases,  and  for  some  ,  such  a t 

deformation  of  austenite  prior  tw  transformation  to  martensite,  also  result  in 
improved  toughness.  Primary  interest  has  been  in  martensitic  microstructures 
aitiiougn  the  bainitic  structure  is  receiving  increasingly  more  attention. 

The  mechanism  by  which  steel  is  strengthened,  in  addition  to  the  primary 
strain  harder,: no  m>  pr#*straining  and  retemnering,  has  been  the  subject  of 
several  investigations.  The  most  recent  studies  have  resulted  in  the  develop¬ 
ment  of  tentative  theories.  While  differing  somewhat  in  the  mechanics  of  the 
strengthening  process,  there  is  general  agreement  in  the  theory  that  carbides 
and/or  carbon  play  a  major  role,  the  strengthening  being  due  to  some  type  of 
interaction  with  the  dislocations  caused  by  heat  treatment  and/or  straining. 

It  has  been  suggested  that  vacancies  created  by  deformation  are  a  more  likely 
site  for  the  interaction  with  the  carbon  atoms.3 

Stephenson  and  Cohen4  attained  a  maximum  tensile  strength  of  approxi¬ 
mately  340, OflO  psi  in  4340  tempered  martensite  (400  F)  by  prestraining 
tension  test  specimens  approximately  3  percent,  and  retempering  at  400  F. 
Stable  elongation  was  zero.  They  also  noted  a  yield  point  phenomenon  in  the 
form  of  necking  and  a  yield  point  drop  immediately  following  maximum  load. 

This  yield  point  phenomenon  was  also  noted  by  Breyer  and  Pclakowski5  in 
4340  martensite  prestrained  by  drawing  through  a  die.  It  was  shown  to  be 
present  for  reduction  f  3.09  to  8.92  percent,  tempers  up  to  500  F,  and  re- 
tempers  iii  to  300  F.  The  maximum  tensile  and  yield  strengths  obtained  were 
396,000  and  387,000  psi,  respectively. 

Several  investigations  have  been  conducted  in  which  the  mechanical  prop¬ 
erties  of  the  martensitic  and  bainitic  microstructures  have  been  compared. 
Kalish,  Kulin,  and  Cohen6  investigated  the  effe  :t  of  applying  a  prestrain  and 
retemper  treatment  to  martensitic  and  bainitic  4350  steel.  Deformations  of 
up  to  50  percent  by  rolling  were  conducted  on  the  specimens  before  and  after 
transformation,  followed  by  a  retempering  treatment  It  was  found  that  the 
strengthening  obtained  by  straining  both  prior  to  and  after  transformation  to 
martensite  was  additive,  resulting  in  a  maximum  yield  strength  of  approxi¬ 
mately  330,000  psi.  For  the  bainite,  the  amount  of  strengthening  due  to 
straining  prior  to  transformation  was  negligible,  the  only  strengthening  being 
that  due  to  deformation  after  transformation.  A  maximum  yield  strength  of 
approximately  300,000  psi  resulted.  A  refrigeration  treatment  following  the 
quench,  prior  to  tempering,  was  found  to  imnrove  the  properties  by  reducing 
the  amount  of  retained  austenite. 


Hartbower  and  Orner7  found  that  for  a  200,000-psi  yield  strength,  the 
toughness  of  bainite  is  comparable  to  that  of  martensite  when  tested  at  room 
temperature  hut  that  martensite  is  tougher  at  lower  temperatures. 

Baneriee  and  Hauser8  observed  that  4340  tempered  martensite  is  tougher 
than  tempered  lower  bainite  at  comparable  strength  levels. 

A  study  of  4350,  4.360,  and  4320  low-alloy  steels  by  Simcoe  and  Shehan^ 
led  to  the  conclusion  that  the  minimum  carbon  content  required  to  form  high- 
strengtn  bainite  was  0.55  percent.  Fracture  toughness  of  bainite  formed  25  F 
or  more  above  the  Ms  is  equal  to  or  slightly  better  than  that  of  martensite, 
while  bainite  formed  at  lower  temperatures  was  found  to  have  slightly  lower 
toughness  than  martensite,  at  comparable  strength  levels. 

Although  the  prestrain  and  retempei  thermomechanical  treatment  for  ob¬ 
taining  ultrohigh-strength  levels  has  been  applied  by  several  researchers, 
the  process  has  received  minimal  attention  in  several  areas: 

1.  The  effect  of  the  tempering  temperature,  in  the  low  temperature 
range  of  room  temperature  to  approximately  600  F,  on  the  notch  tensile 
strength  and  true  stress-true  strain  properties  of  prestrained  and  retempered 
martensite. 

2.  Evaluatin',  for  the  bainite  microstructure,  of  the  comparative  engi¬ 
neering  and  true  stress-tn  '  strain  mechanical  properties  and  notch,  tensile 
properties,  resulting  from  the  prestrain  and  rctemper  cycle. 

3.  The  effect  of  straining  by  drawing  Ji rough  a  die.  Hie  stress  system 
differs  from  that  imposed  by  the  widely  used  rolling  process  and  would  be 
expected  to  affect  some  mechanical  properties. 

The  objective  of  this  work  was  to  obtain  experimental  data  in  these 
areas  to  further  understand  the  prestrain  and  rctemper  process.  Steel  rods 
of  the  4340  alloy  were  drawn  (with  and  without  a  back-pull)  through  a  die  to 
impait  a  4  to  5  percent  reduction  of  area  after  formation  of  either  temnered 
martensite  (room  temperature  to  600  F)  or  bainite  formed  at  575  F  and  tem¬ 
pered  at  room  temperature,  400  F,  and  .00  F.  This  prestraining  was  followed 
by  a  retempering  treatment  (room  tempo rature  to  700  F  for  the  martensite  and 
room  temperature  to  750  F  for  the  bainite).  lee  smooth,  true  stress-true 
strain,  and  notch  tensile  properties  of  the  martensitic  and  bainitic  mds 
have  been  correlated  with  the  tempering,  prestraining,  and  rcten.pcring  tem¬ 
peratures.  A  limited  examination  was  also  conducted  to  determine  the  effect 
of  test  temperature  and  strain  rate  on  the  yield  point  phenomenon  which  was 
observed  in  this  am!  previou  loforcnced  papers. 

The  importance  of  the  tempering  and  rclenpcring  treatments  and  the  con¬ 
trast  in  behavior  of  the  martensitic  ami  bainitic  structures  were  emphasized 
by  the  broad  range  of  properties  resulting  in  the  former  as  compared  to  the 
minimal  changes  the  mechanical  properties  of  the  latter.  Thir  would  he 
expected  in  view  of  tlv  ’ighcr  temperature  of  bainite  formation  (57$  F)  .  The 


toua  stress-true  strain  tests,  however,  emphasize  the  i>«sie  *imi1arities 
between  the  behavior  of  the  martensitic  and  bainitic  microstructures  as  the 
conditions  for  which  a  yield  point  phenomenon  and  serrated  flow  are  developed 
and  are  comparable.  This  may  indicate  similar  strengthening  mechanisms,  in 
the  prestrain  and  retemper  process,  for  both  the  martensitic  and  bainitic 
microstructures . 

While  the  properties  of  the  martensite  which  may  be  compared  follow  the 
same  general  trends  as  those  reported  by  others,  the  magnitudes  differ.  The 
results  also  show  the  notch  strength  of  the  bainite  to  be  superior  to  marten¬ 
site  at  comparable  strength  levels  as  contrasted  to  the  marginal  toughness 
differences  reported  by  others.  The  application  of  a  back -pc’ 1  during  the 
prestrain  was  expected  to  affect  the  properties  by  reducing  the  redundant 
work  and  friction,  thus  more  nearly  approaching  the  stress  conditions  present 
j./i  a  ‘^nsion  test  prior  to  the  onset  of  necking.  Although  the  results  are 
inconclusive,  generally  higher  strength  levels  were  observed  for  rods  pre¬ 
strained  using  a  back-pull.  The  data  are  presented;  however,  the  effect  of 
back-pull  is  not  discussed  in  view  of  the  minimal  trends  which  were  noted. 

The  report  is  presented  under  three  headings:  Engineering  Tensile  Prop¬ 
erties,  True  Stress-True  Strain  Properties,  and  Notch  Tensile  Properties. 

Each  section  is  devoted  to  a  comparison  of  the  effect  of  tempering,  pre- 
straining,  and  retempering  on  these  properties  for  both  the  martensitic  and 
the  bainitic  microstructures. 


MATERIAL  AND  PROCEDURE 

•wOid-drawn  annealed  4340  steel  rod,  l/l-inch  o.d.  wus  used.  This  was 
from  a  single  heat  of  aircraft-quality  steel  with  the  following  chemical 
analysis:  0.395  C,  0.71  Mj,,  0.M  Si,  1.76  Ni ,  0.79  Cr,  0.22  Mo,  0.012  P, 
0.008  S,  and  0.012  N. 

The  rods  were  swaged  to  the  diameter  required  to  permit  the  desired  re¬ 
ductions  when  drawn  through  a  die  with  a  0.4096-inch-diameter  opening.  Meat 
treatment  was  as  follows  to  obtain  either  a  martensitic  or  a  bainitic 
nri  crost  ructure  : 

Martensite  -  Normalize  1650  F,  1  hour,  air  cool 

Austenitize  1550  F,  1  hour,  oil  quench 
Liquid  nitrogen,  10  minutes 

Temper  (RT,  200,  300,  400,  500,  600  F) ,  1  hour 

Bainite  -  Normalize  1650  F,  1  hour,  air  cool 
Austenitize  1550  F,  1  hour 
Quench  into  salt  at  575  F,  hold  1  hour 
Quench  into  brine  at  room  temperature 
Liquid  nitrogen,  10  minutes 
Temper  («»T,  200,  400,  700  F)  ,  1  hour 


3 


They  were  then  cleaned  by  shot  blasting,  and  lubricated  with  u, awing  oil. 


The  rods  tempered  at  500  F  and  above  were  phosphatizeu  prior  to  lubri¬ 
cating.  The  rods  were  then  drawn  through  a  die  on  the  rod  and  wire  drawing 
machine. 10  The  die  contour  was  changed  to  introduce  a  1  percent  reduction  in 
the  bearing  area  following  the  primary  reduction.  This  was  done  to  imnart  a 
compressive  stress  to  the  surface  and  minimize  the  problem  c e  cracking  due  to 
the  tensile  stresses  resulting  from  the  standard  die  contour. 

The  drawn  rods  were  cut  into  appropriate  lengths  for  smooth  and  notch 
tensile  blanks  and  retempered  at  the  various  temperatures.  The  tensile 
blanks  were  the.,  machined  to  the  dimensions  shown  in  Figure  1.  The  notch 
radii  of  the  notched  tension  specimens  ere  machined  to  0.0008  inch  or  less, 
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Hotcb  fUdiu*  to  b»  0.0003  to  0.0007 
b.  Notch  Tensile  Specimen 

f  igure  1  Tf  ST  SPT  t  IMFVi 


mostly  0.0005  to  0.0008  inch.  A  special  AST!  Committee11  indic-'.es  that  the 
notch  test  is  not  sensitive  to  tougnness  variations  when  the  notch,  strength 
ratio  equals  or  exceeds  approximately  2  -  d'/IT  tor  xow-al lov  heat-treated 
steels  where  I)  is  the  major  diameter  and  d  is  the  diameter  at  the  notch  root 
Tins  ratio  (1.5  for  these  specimens)  was  not  equalled  or  exceeded  in  any  of 
the  tests. 

The  smooth  bars  were  tested  at  a  strain  rate  of  0.01  min'1  using  an 
extensomet er  to  obtain  the  0.2  percent  yield  strength.  Tie  extensometer  was 
then  removed,  while  loading  continued,  and  the  true  stress-true  strain 
device12  started  to  monitor  continuously  the  minimum  diameter  of  the  tension 
bar  and  the  corresponding  load.  These  values  were  recorded  cn  an  oscillo¬ 
graph  recorder  and  used  to  calculate  the  true  stress  and  true  strain.  A 
special  alignment  fixture  was  used  in  testing  the  notched  specimens.  The 
complete  processing  and  mechanical  property  data  are  presented  in  Tables  I 
anu  II  in  the  Appendix. 

ENGINEERING  TENSILE  PROPERTIES 

Effect  of  Heat  Tteatment 

Martens i te 

The  variation  in  tensile  and  yield  strengths  and  reduction  of  area  with 
tempering  temperature  is  shown  in  Fi  pure  2.  The  tensiie  strength  decreases 
continuously  wi  increasing  tempo  mg  tempo  rat  ure  ;  however,  the  yield 
strength  goes  through  a  ma.imum  at  about  400  F;.  As  a  result,  the  spread  of 
130,000  ps i  between  yield  and  tensile  strengths  for  an  untempered  structure, 
room  temperature,  decreases  to  a  minimal  10, n()0  psi  spread  for  tempers  above 
500  F.  The  reduction  of  area  is  n't  affected  on  tempering  between  400  F  and 
1000  F.  There  is  a  decrease  in  reduction  of  area  on  tempering  below  400  F 
and  an  increase  on  tempering  at  1150  F. 

These  trends  are  norma’  for  the  heat -treated  (quench  and  temper’’ 
condition . 

Bai n i te 

Behavior  of  the  bam:  tic  material  on  tempering  is  quite  different  as 
shown  also  in  Figure  2.  duo  to  the  high  temperature  of  b .-unite  formation, 
5"-5  F ,  a  tempering  effect  is  found  only  for  the  TO  f  temper,  i.e.,  a  slight 
drop  ii.  tensile  strength  and  a  s  1  i  >;  *  increase  in  vie  id  strength.  The  reduc 
tion  of  area  is  not  affected. 

Effect  of  dt5  tra’ni  eq  and  Petemnerinq 

Vf^rt»>Hrs  i  *  <■* 

Figure  3  shows  the  tensile  properties  and  Figure  4  the  change  m  tensil 
properties  resulting  from  the  prestrain  and  re teener  processing.  The  data 


Figure  2.  TEMPTED  TENSILE  PROP  RTfES 
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for  the  800,  1000,  and  1150  F  tempering  - emperatures  are  taken  fro^  previous 
work13  in  which  a  10  percent  reduction  was  made,  as  compared  to  the  present 
4  to  S  percent  reduction.  The  magnitude  of  these  data  is  slightly  higher 
than  would  he  expected  for  a  4  to  5  percent  reduction.  In  Figure  4,  the  base 
or  zero  point  refers  to  the  as-heat-treated  condition. 

The  tensile  strength  of  the  martensite  ’s  raised  by  prestraining,  the 
maximum  increase  (approximately  30,000  psi)  occurring  for  the  rods  initially 
tempered  between  room  temperature  and  400  F.  The  yield  strength  is  also 
increased  on  prestraining,  the  maximum  increase  being  approximately  150,000 
psi  foi  rods  initially  tempered  at  room  temperature.  This  decreases  to  ap¬ 
proximately  10,000  psi  for  the  rods  initially  tempered  at  800  F  and  higher. 

Ret empe ring  the  prestrained  rods  at  200  F  has  a  negligible  effect  on  the 
tensile  and  >ield  strengths.  The  effect  of  retempering  at  400  F  is  dependent 
upon  the  initial  tempering  temperature.  For  initial  tempering  temperatures 
below  500  F,  there  is  an  essentially  constant  decrease  in  both  the  yield  and 
tarsi  le  strengths  compared  to  the  as-prestrain ;d  values.  For  higher  temper¬ 
ing  temperatures,  a  constant  increase  instead  of  a  decrease  is  found  on  retem 
pc  ring  at  400  F. 

Similarly,  tee  effect  of  retempering  at  700  F  is  depende  '  upon  the 
tempering  temperature,  resulting  in  a  decrease  in  the  tensile  and  yield 
strengths,  compar'd  to  the  prestrained  values,  over  the  range  of  tempering 


o 
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temperatures  evaluated  (up  to  600  F) , 

For  tempering  temperatures  above  700  F 
an  increase  would  be  expected  on  retera- 
pering  at  7C0  F.  This  is  indicate4  by 
the  projected  intersection  of  the  700  F 
re tempering  temperature  curve  with  the 
as-prestrained  curve  at  approximately 
700  F  tempering  temperature  in  Figures 
3  and  4, 

Generally,  by  re  tempering  at  a 
temperature  which  is  equal  to  or  higher 
than  the  initial  tempering  temperature, 
the  tensile  and  vield  strengths  of  the 
prestrained  rods  are  decreased.  On 
retempering  at  lower  temper itures  than 
the  initial  tempering  temperatures, 
these  values  are  increased. 

Figure  5  shows  the  ultimate  tensile 
strengths  of  the  prestrained  rods  as 
a  function  of  the  tempering  and  retem- 
pering  temperatures.  These  are  compared 
to  the  data  obtained  by  Stephenson  and 
Cohen **  and  Breyer  and  Polakowski.5  The 
tensile  strengths  agree  with  the  results 
of  Breyer  and  Polakowski,  but  are  higher 
than  those  of  Stephenson  and  Cohen.  The 
refrigeration  treatment  used  in  this 
investigation  to  minimize  the  amount  of 
regained  austenite  may  account  for  the 
difference.  Retained  austenite  was 
found  to  be  less  than  i  percent  by  X-ray 
analysis  in  both  the  martensitic  and 
bainitic  materials.  This  may  also  be 
due  to  the  difference  in  stresses 
resulting  from  straining  a  tensile  bar 
compared  to  those  obtained  by  drawing 
through  a  die. 

Bai  ni te 

The  tensile  properties  and  the 
changes  in  tensile  properties  resulting 
from  the  prestrain  and  retemper  of  the 
bainitic  rods  are  also  presented  in 
Figures  3  and  4.  An  increase  in  the 
tensile  and  yield  strengths  is  noted  on 
prestraining,  the  magnitude  increasing 
with  decreasing  initial  tempering 
temperature. 
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Figure  3.  TENSILE  PROPERTIES  OF  PRE¬ 
STRAINED  AND  RETEMPfcRED  RODS 


Figure  4.  CHANGE  IN  TENSILE  PROPER¬ 
TIES  OF  ROS  PRESTRAINED  AND 
RiSTEMPERrD 
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Figure  5.  EFFECT  OF  PRESTRAINING  AND 
RETEMPERING  ON  THE  TENSILE 
STRENGTH  OF  MARTENSITE 
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Retempering  at,  200  and  400  F  increased  by  a  constant  amount  the  tensile 
and  yield  strengths  of  the  prestrained  rods  which  were  initially  tempered  at 
400  and  700  F.  Those  tempered  at  room  temperature  were  not  affected  by  the 
retemper.  The  750  F  retemper  resulted  in  an  appreciable  decrease  in  the  ten¬ 
sile  and  yield  strengths  compared  to  the  prestrained  values.  This  decrease 
on  retempering  at  750  F  also  resulted  in  lower  tensile  strengths  and  higher 
yield  strengths  -ompared  to  the  values  for  the  as-tempered  condition. 

The  decrease  in  reduction  of  area  does  not  exceed  10  percent  on  pre¬ 
straining  and  retempering.  In  view  of  the  high  initial  reduction  of  area, 
this  is  a  minima,,  loss. 

TRUE  STRESS-TRUE  STRAIN  PROPERTIES 

Effect  of  Heat  Treatment 

Martons i te 

True  stress-true  strain  curves  r  tensile  specimens  tempered  at  room 
temperature,  prestrained,  and  retempered  are  p**“sented  in  Figure  6  as  typical 
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Figure  6  TRUE  STRESS-TRUE  STRAIN  PROPERTIES  OF  MARTENSITE  AND  BAINITE 
TEMPERED  AT  ROOM  TEMPERATURE,  PRESTRAINED,  AND  RETEMPERED 
1 9-066-1 47  l/AMC-66 


flow  curves  obtained  for  the  martensitic  and  bainitic  microstructures.  The 
0.2  percent  yield  strength,  obtained  with  an  extensometer,  and  the  maximum 
load  are  also  shown  for  each  curve. 

The  curve  for  tempered  martensite  is  smooth  with  no  indication  of  a  yield 
point  drop;  however,  several  curves  for  martensite  tempered  at  higher  temper¬ 
atures  (not  shown)  appear  to  have  one  or  more  short  flat  areas  similar  to 
those  chown  for  the  tempered  bainite.  These  indicate  a  change  in  the  rate  of 
necl^ng  in  the  tensile  specimen. 

0a  I nl te 

The  true  stress-true  rain  curve  for  tempered  bainite  in  Figure  6  shows 
that  the  necking  beyond  maximum  load  does  not  proceed  at  a  uniform  rate.  This 
was  also  noted  in  other  curves  for  tempered  bainite.  The  true  strain  to 
fracture  is  generally  greater  than  for  the  martensitic  specimens. 

The  test  temperature  was  found  to  have  an  interesting  effect  on  the  flow 
curves  for  tempered  bainite  as  shown  in  Figure  7.  A  smooth  curve  resulted  at 
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Figure  7.  EFFECT  OF  TESTING  TEMPERA¬ 
TURE  ON  THE  FLOW  CURVE  OF 
TEMPERED  BAINITE 


root)  temperature ;  however,  testing  at 
200  F  resulted  in  a  small  serration 
at  a  true  strain  of  0,073  followed  by 
a  second  smoother  serration  at  a  true 
strain  of  0,193,  which  was  immediately 
followed  by  three  sharp  serrations 
increasing  in  magnitude  to  failure. 

Effect  of  Prestraining  and  Retempering 

Martens; te 

The  most  apparent  effect  of  pre- 
straining  and  retempering  is  the 
introduction  of  discontinuous  yielding 
beyond  the  0.2  percent  yield,  Fig¬ 
ure  6,  The  first  serration  is  the 
result  of  an  instantaneous  load  drop 
and  neck  formation.  'Hie  second  and 
subsequent  serrations  aie  caused  by 
farther  necking  at  the  same  location, 
but  these  do  not  occur  as  rapidly  as 
the  first  nor  are  they  of  the  same 
magnitude.  The  rate  and  magnitude  of 
the  effect  is  dependent  upon  the  tem¬ 
pering  and  retempering  temperatures, 
decreasing  with  increasing  temperature 


!9-<KM«73/AMC-66  .  r  . 

The  shape  of  the  true  stress -true 
strain  curve  is  also  dependent  upon 

strain  rate.  Strain  rates  of  0.1,  0.01  (standard),  and  0.005  min-1  were  exam¬ 
ined,  as  well  as  interrupted  loading.  The  curves  are  shown  in  Figure  8  where 
for  each  strain  rate  only  the  initial  load  drop  and  neck  formation  are  instan¬ 
taneous.  Further  strain  in  the  neck  of  the  specimen  and  changes  in  tiu..  load 
continue  at  a  slower  rate.  By  releasing  he  load  to  zero  after  each  drop,  a 
series  of  serrations  was  produced,  Figure  8d.  A  similar  series  of  serrations 
could  be  initiated  by  holding  the  d  constant  for  a  limited  time  after  each 
load  drop,  followed  by  an  increase  in  the  load.  t  gures  8c  and  9e.  The  strain 
rate  results  indicate  that  a  series  of  serrations  may  be  expected  to  occur  on 
oontinuous  loading  at  a  strain  rate  below  0.005  min~l.  Creep  tests  would  be 
required  to  determine  this  st,^in  rate. 


Bal n! te 


The  true  stress-true  strain  curves  for  these  specimens  are  characterized 
by  an  initial  yield  point  drop  (Figure  6).  The  magnitude  of  the  effect  de¬ 
creases  with  increasing  retempering  temperature. 

The  effects  of  interrupted  loading  and  of  test  temperature  on  th-  flow 
curvus  were  observed  in  the  bainitic  material.  The  test  temperature  effects 
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seen  in  Figure  9  indicate  that  tempera¬ 
ture  is  '  important  factor  in  the 
development  of  serrations,  At  room 
temperature  and  -105  F  (Figures  9a  and  b) 
only  a  yield  poir"-  drop,  or  one  serra¬ 
tion,  is  noted;  however,  at  200  F 
(Figure  9d)  serrations  are  initiated  at 
the  maximum  load  and  are  continuous, 
increasing  in  magnitude  with  strain. 

Interrupted  loading  at  200  F  (Figure  9c) 
increased  the  magnitude  of  the  serrations 
compared  to  those  obtained  on  continuous 
loading  at  200  F, 

The  slopes  of  the  flow  curves  vary 
..ith  test  temperatures,  the  lowest  being 
for  -105  F  and  the  highest  for  room  tem¬ 
perature  testing.  Also,  the  magnitude  c 
the  yield  stress  may  be  raised  by 
decreasing  the  test  temperature  or  bv 
interrupted  loading.  This  may  be  ob¬ 
served  by  comparing  the  maximum  load  on 
testing  at  -105  F.  The  effect  of  inter¬ 
rupted  loading,  prior  to  the  initial 
yield  point  drop,  is  apparent  when  the 
curves  of  Figures  and  9e  are  com-  Figure  8.  EFFECT  OF  STRAIN  RATE  ON 

pared.  The  latter  curve,  obtained  by  THE  FLOW  CURVES  OF  PRESTR'INED 

discontinuous  lording,  exhibits  an  11,000  RETEMPERED  MARTENSITE  AT  R.'OM 
psi  increase  in  maximum  load.  Further  TEMPERATURE 

discontinuous  loading  resulted  in  a  19-06&-1476  amc-m 

serrated  stress-strain  curve  similar  to  that  obtained  on  testing  the  marten¬ 
sitic  microstructure  under  comparable  conditions. 

An  important  difference  between  the  serrations  obtained  with  the  tempered 
bainite  and  those  obtained  with  the  prestrained  and  retempered  bainite  at  a 
test  temperature  of  200  F  is  the  strain  at  which  the  serrations  were  initi¬ 
ated.  In  the  former  the  serrations  started  at  a  true  strain  of  approximately 
0.20G,  well  beyond  the  strain  of  0.0523  at  which  maximum  load  was  observed. 

In  the  latter,  the  serrations  were  initiated  at  maximum  load  and  continued  to 
fai lure. 


NOTCH  TENSILE  PROPERTIES 

Effect  of  Heat  Treatment 

Martens i to 

The  notch  tensile  strength  of  the  tempered  martensite  is  shown  in  Fig¬ 
ures  2  and  10  to  be  dependent  upon  the  tempering  temperature.  From  a  low 
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Figure  9.  EFFECT  OF  TESTING  TEMPERATURE  AND  INTERRUPTED  LOADING 
ON  THE  FLOW  CURVE  OF  PRESTRAINED  AND  RFTEMPF.RFD  BAINITE 

l  ^066-  i  469  •  AMC-66 


note  tensile  strength  for  the  martensite  tempered  at  room  temperature,  there 
is  a  lineai  inerease  to  a  maximum  at  600  F,  followed  by  a  decrease  at  higher 
tempering  temperatures.  The  N.T.S./Y.S.  ratio  equals  1  at  approximately 
350  F,  The  role  of  sharper  notches  (fatigue  crack)  would  be  to  effect  a 
more  severe  test,  resulting  in  a  sharper  transition,  and  raising  the  tempera¬ 
ture  at  which  the  ratio  of  N.T.S.  to  Y.S.  equals  1.  This  is  shown  by  the 
curve  of  notch  tensile  strength  in  Figure  2  as  taken  from  Reference  13. 

With  reference  to  strength  levels,  Figure  2  and  the  data  of  Table  I  show 
that  the  notch  tensile  strength  increases  with  increasing  yield  strength 
(lower  tempering  temperatures)  to  a  maximum  at  a  yield  strength  of  approxi¬ 
mately  225,000  psi.  Tempering  at  lower  tempering  temperatures  results  in  a 
minimal  increase  in  yield  strength  but  a  rapid  drop  in  the  magnitude  of  the 
notch  tensile  strength. 

Bai  ni +e 

In  contrast  to  the  martensite,  Figure  2  shows  that  the  notch  strength  of 
the  bainite  decreases  only  a  snail  amount  with  increasing  tempering  tempera¬ 
ture.  The  N.T.S./Y.S.  ratio  is  greater  than  1  for  al1  tempering  temperatures. 


Notch  Tensile  Strength  (ksi) 
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Figure  10.  EFFECT  CF  P RESTRAINING  AND  RETEMPERING  ON  THE  NOTCH 
TENSILE  STRENGTH  OF  MARTENSITE  AND  BAINITE 

l»-06fr-l479  ’ AMC-S6 


The  variation  in  either  notch  tensile  or  yield  strength  is  small  for  the 
range  of  tempering  temperatures  employed  due  to  the  high  bainite  formation 
temperature  of  S75  F. 


Effect  of  Pres  training  and  Retempering 


Martens  I te 


Prestraining  the  rods  resulted  in  generally  lower  notch  strengths  (Fig¬ 
ure  10)  compared  to  the  values  for  the  tempered  condition.  Only  the  rods 
tempered  at  1000  and  1150  F  show  any  improvement  in  notch  strength 

The  effect  of  retempering  on  the  notch  strength  is  primarily  dependent 
upon  the  tempering  temperature.  Rctempering  at  400  to  700  F  is  most  benefi¬ 
cial  to  the  rods  initially  tempered  at  the  low  temperatures.  The  notch 
strength  was  appreciably  improved  as  compared  to  the  tempered  and  the  pre¬ 
strained  condition,  particularly  for  the  700  F  retempering  treatment.  The 
range  of  notch  tensile  strength  is  comparable  to  that  observed  for  the  tem¬ 
pered  martensite;  however,  the  yield  strength  is  appreciably  higher  for  the 
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prestrained  and  reterapered  specimens,  250,000  psi  versus  210,000  psi  for  the 

tempered  martensite. 

Another  interesting  feature  of  the  curves  in  Figure  10  is  the  peak  in 
notch  strength  for  the  prestrained  and  retempered  martensite  which  was  ini¬ 
tially  tempered  at  400  F.  This  is  follower  by  lower  notch  tensile  strengths 
for  the  martensite  which  was  initially  temner^d  at  500  F t  and  may  be  indica¬ 
tive  of  the  500  F  embrittlement. 

The  relationship  between  notch  tensile  strength  and  yield  strength  is 
shown  in  Figure  11.  The  exact  magnitudes  are  a  function  of  the  temperin'  and 
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retempering  temperatures.  Here  it  is  apparent  that  the  WT.S/Y.S  ratio  in¬ 
creases  with  tempering  and  retempering  temperatures  which  also  result  in 
lower  yield  strength. 

Dai r i te 

The  effect  of  presiraimng  and  rrtemnoring  on  the  notch  tensile  strength 
of  the  bainite  is  shown  in  Figure  10.  Although  some  loss  m  notch  tensile 
strength  is  indicated  for  the  bainite  which  was  prestrained  and  retempered, 
particularly  at  room  temperature  and  200  F,  the  N.T.S./Y.S.  ratio  remained 
greater  than  1.  This  indicates  that  good  toughness  was  retained  at  the  high¬ 
est  yield  strength  levels  of  275,000  to  280,000  psi,  as  shown  in  Figure  12. 
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Further  cold  working  of  the  bainit?  should  permit  higher  yield  strength  with 
good  toughness. 


DISCUSSION 

Strength  changes  from  the  as -quenched  martensite  and  bainite  were  derived 
in  increments  from  three  sources  as  follows:  (1)  tempering,  (2)  p rest  raining, 
and  (3)  retempering.  The  first,  tempering,  results  in  quite  different  ulti¬ 
mate  tensile  strength  behaviors  of  the  martensite  and  the  bainite.  The 
tensile  strength  of  the  martensite  undergoes  a  raniu  increase  with  decreasing 
tempering  temperature  while  the  effecc  of  tempering  on  the  tensile  strength  of 
the  bainite  is  negligible.  The  yield  strength  for  both  sicrostructures 
remained  comparatively  constant.  Also  the  maximum  tensile  strength,  of  tem¬ 
pered  artensitc  was  appreciably  higher  than  that  of  tonne  red  bainite. 

The  effect  of  the  second  increment,  prestraining,  was  basically  the  same 
for  both  microstructures.  The  tensile  strength  was  increased  together  with 
the  yield  strength,  due  primari’v  to  strain  hardening;  however,  the  rate  of 


increase  was  greater  for  the  yield  strength  than  for  the  tensile  strength, 
resulting  in  a  yield-tensile  strength  ratio  approaching  unity.  A  greater  in¬ 
crease  in  both  the  yield  and  tensile  strengths  was  apparent  for  the  martensite 
and  bainite  initially  tempered  at  the  lower  temperatures. 

The  third  increment,  rctenpering,  generally  lowered  the  yield  and  tensile 
strengths  of  the  prestrained  martensite  and  bainite  wh^n  the  retc  peeing  tem¬ 
perature  was  above  the  tempering  temperature.  A  constant  increase  was  noted 
on  retempering  at.  temperatures  bel  w  the  tempering  temperature. 

To  summarize,  the  effect  of  prestraining  tempered  r 'ds  is  to  increase 
the  strength  levM  of  both  the  martensite  and  the  bainite,  the  effects  on  the 
martensite  being  greater  in  magnitude  and  more  dependent  upon  the  tempering 
temperatures.  The  role  of  ^tempering  is  dependent  upon  the  tempering 
temperature . 

Theories  have  been  developed  which  attribute  a  portion  of  the  strengthen¬ 
ing  on  prestraining  and  retempering  to  an  interaction  between  carbon  and/or 
carbides  and  dislocations  and/or  vacancies,  as  noted  in  the  Introduction. 

This  type  of  mechanism  has  also  beer,  used  to  explain  the  appearance  of  an 
initial  serration  or  sharp  yield  point  drop  in  the  true  stress-true  strain 
and  load  elongation  curves. 

This  yield  phenomenon  was  fp’ind  in  mom  temperature  tensile  tests  of 
both  the  martensitic  and  the  bainitic  materials  tested  after  prestraining. 

It  has  also  been  noted  by  others  for  Mil  steel11*  and  4340  steel3  processed 
irder  comparable  conditions.  The  initial  serration  may  be  expanded  into  a 
series  of  serrations  continuing  to  fracture  by  (1)  interrupted  ’ nading  (or  a 
sufficiently  slow  strain  rate)  and  (2)  testing  at  212  F  (and  probably  a  lim¬ 
ited  range  of  elevated  temperaf  es).  Specimens  of  the  bainitic  material  in 
the  tempered  condition  exhibit  no  serration  or  yield  point  in  room  tempera¬ 
ture  tests.  This  material  developed  serrations  on  testing  at  212  F,  suggest¬ 
ing  a  strain  aging  type  of  mechanism. 

The  serrations  observed  for  both  martensite  and  the  bainite  differ  from 
chose  normally  observed  on  strain  aging  as  they  were  initiated  at  maximum 
load  in  the  prestrained  material  and  at  an  appreciable  strain  increment  fol¬ 
lowing  maximum  load  in  the  tempered  material.  Also,  in  each  material  necking 
was  initiated  and  continued  to  failure  at  one  location. 

The  above  suggests  a  dis location- locking  type  of  mechanism  which  is 
time-,  strain-,  and  t empe rat ure- dependent .  The  increased  dislocation  den¬ 
sity  due  to  a  room  temperature  prestrain  appears  to  have  two  primary  effects: 
(1)  raise  the  flow  stress  curve  and  (2)  cause  the  first  serration  to  l’c 
initiated  at  a  lower  strain  compared  to  the  tempered  material. 

The  notch  tensile  properties  associated  with  the  strengthening  are  note¬ 
worthy  ;o"  two  principal  reasons.  First  is  the  insignificant  loss  in  the 
notch  tensile  strength  of  the  bainite  on  prestraining  and  retempering.  11','’ 
resulting  notch  tonsil  strength  ratio  greater  than  1  and  notch  strengths 
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over  300,000  psi  indicate  the  bainite  is  appreciably  tougher  than  the  marten¬ 
site  at  a  comparable  strength  *  vel.  The  toughness  of  martensite  and  bainite 
nas  been  reported  in  several  investigations . 6’9» 1 5* 16  The  re, alts  are  contra¬ 
dictory,  indicating  that  for  some  processing  and  tes*  conditions  martensite 
is  tougher  than  bainite  and,  for  other  conditions,  that  bainite  is  tougher. 

The  differences  are  probably  due  to  variations  in  the  microstructures  of  the 
bainite  caused  bv  different  temperatures  of  the  bainite  formation  and  the 
presence  of  retained  austenite. 

The  second  observation  of  interest  is  the  significant  decrease  in  notch 
strength  on  prestraning  ti.'  martensite  initially  tempered  at  500  F,  indica¬ 
tive  of  a  very  nan >w  500  F  lumper  embrittlement  range  due  to  pres  training. 

CONCLUSIONS 

1.  The  effects  of  three  processing  varitbl-s  on  the  mechanical  proper¬ 
ties  of  martensite  and  bainite  have  been  observed:  (a)  tempering,  (b)  pre- 
straining,  and  (c)  reterapering. 

The  first,  tempering,  was  mo't  effective  in  decreasing  the  ultimate  ten¬ 
sile  strength.  The  yield  strength  was  most  responsive  to  prestraining.  The 
retempering  effect  was  dependent  primarily  upon  ’'he  initial  tempering  temper¬ 
ature.  The  highest  tensile  and  yield  jtn  _  s  were  obtained  with  the 
prestrained  and  retempered  martensite. 

2.  Flow  curves  of  the  tempered  materials  were  altered  by  pre straining , 
retempering,  and  tension  specimen  test  temperature  and  strain  ra.ce.  This  was 
shown  by  changes  in  the  magnitude  of  the  flow  stress  and  by  introduction  of  a 
yield  point  drop  or  an  initial  serration.  The  magiiitude  »  d  number  of  serra¬ 
tions  were  also  dependent  upon  these  variables. 

3.  The  notch  strength  of  bainite  was  superior  to  that  of  martensite  at 
comparable  strength  levels. 

4.  Evidence  of  temper  embrittlement  was  observed  in  the  prestrained  and 
reterapered  martensite  which  was  initially  tempered  at  500  F. 

5.  The  effect  of  prestraining  with  a  back -pull  on  the  mechanical  prop¬ 
erties  is  minimal. 


APPENDIX 


Table  I.  TENSILE  PROPERTIES  OF  MARTENSITE 
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304.7 

345.0 

348.0 

348.0 

344.0 

348.0 

350.0 

3.15.0 

32  7.0 

344.0 

254.0 

o 

C<t 

26. .0 

222.4 

234.5 

284.6 

|  293.6 

306.6 

314.6 

j  297.6 

304.6 

306.6 

J  246.5 

249.0 

250.5 

224.9 

238.5 

282  6 

271.5 

274.5- 

304.1 

250.0 

292.6 
232.  C 
309.1 
251.5 

300.6 

303.6 
30°.  1 
254.5 

Table  I.  TENSILE  t ROPERTIES  OF  MARTENSITE  (continued) 


Te*per 

(deg  F) 


Pres  train  f  fi®tesp»r 
!%)  (deg  F) 


Yield  Strength  T*&»il:e  Reduction  Yield  Strength  Notoh  Ter.ni It  j 

. (kai)  Strength  of  Area  - — - -  Strength  1 

2%  1  (Itii)  (X)  Teneile  Strength  i  (k»i)  1 


243.0 


600  0 
BP  E 

14,300  lb  5,11 


226.0 

258,5 

42.4 

0.874 

265. 3 

277.6 

42.4 

0.957 

284.6 

287.6 

41.0 

0,99 

265.0 

270.0 

41.0 

G.ySl 

246.0 

249,0 

42.8 

0.986 

226.0 

260.0 

42.4 

0.87 

269.0 

272.0 

38.6 

0.39 

293.0 

294.0 

37.2 

0.S96 

270.0 

272.0 

39,2 

0.933 

248.  C 

249.0 

41.0  j 

0.335 

Table  II.  TENSILE  PROPERTIES  OF  BAINITE 


Tejtper 
(deg  F) 

Pre* train 
«) 

(d«Hj  F) 

1  Yield  Strength 
_ (ksi) 

Tensile 

Strength 

(k*ii 

Reduction 
of  Area 
<%) 

Yield  Strength 

Notch  Ten*',  ie 
Strength 
(lull 

0.1% 

0.2% 

Teneil*  Strength 

ncT  .■ 

0 

R.T. 

163.4 

198.4 

240.5 

56.8 

0.825 

332.6 

4.46 

R.T, 

279,  S 

282.6 

283.1 

45. 2 

0.999 

3t5.5 

2C0 

264.5 

273.4 

275.6 

51. 5 

0.992 

311.3 

400 

263.5 

278.6 

280.6 

50.4 

0.996 

331.0 

■ 

7S0 

229.0 

230.5 

230,5 

52.6 

1.0 

327.7 

R.T. 

0 

R.T. 

191.0 

245. 0 

54.3 

0.815 

337.2 

3 .P/  * 

\a  oon  ik 

R.T. 

280.0 

282.0 

282.0 

49.2 

1.0 

330,3 

282.5 

282.5 

47.4 

1.0 

333.9 

400 

279.5 

280.0 

48.6 

1.0 

317.6 

750 

228.0 

228.0 

52.0 

1.0 

325.5 

400 

0 

R.T. 

186.0 

195.0 

242.0 

54.6 

326.8 

4.33 

R.T. 

248.0 

259.0 

265.0 

53.6 

308.2 

275.5 

wkkBm 

278.0 

51.5 

295.3 

272.0 

277.0 

278.0 

49.8 

321.7 

228.0 

229.0 

52.0 

323.3 

400 

0 

R.T. 

187.0 

198.0 

244.0 

56. 2 

0.811 

331.6 

B.P.  “ 

14,300  lb 

4.9 

R  T. 

258.0 

.,56.5 

268.0 

53.6 

0.995 

324.3 

280.0 

2»2 . 0 

282.0 

50.4 

1.0 

326.5 

400 

279.0 

282.5 

282.5 

45.2 

1.0 

333,8 

750 

223.0 

224.5 

224.5 

50.4 

1,0 

326.8 

700 

G 

R.T. 

206.5 

212.5 

237.5 

53.6 

317.4 

4.47 

R.T. 

226.0 

243.0 

54.1 

315.0 

400 

250.5 

255.0 

52.0 

0.996 

307. 9 

HkjiTjK; 

232,5 

234.0 

49  8 

1.0 

325.54 

227.0 

227.0 

52.0 

1.0 

319.0 

700 

0 

R.T. 

198.0 

204.0 

229.5 

54.8 

0.89 

322.2 

B.P.  = 

14,200  lb 

5.04 

R.T. 

238,0 

4.-0  J  .  0 

249.0 

53.6 

0.988 

326,0 

400 

261.0 

264.0 

264.0 

48.0 

1.0 

302.6 

700 

242.0 

243.0 

243.0 

43.8 

1.0 

326.7 

750 

232.0 

232.0 

232.0 

52.0 

1.0 

323.0 

•Back  Pull 


♦Loaded  to  15,850  lb:  fixture  broke.  Speciaen  broke  at  16,100  lb.  on  re-t*»t. 


2 


B 


LITERATURE  cited 


1.  Nets  Construction  Steel  is  Strong ,  Ductile,  Weldable  Materials  in 
Design  Engineering,  v.  43,  no.  S,  May  1961,  p.  183. 

2.  RADCLIFFE,  S.  V. ,  and  KULA,  E.  B.  Deformation,  Transformation,  and 
Szrength  -  Fundamentals  of  Deformation  Processing.  Proceedings  of  the 
9th  Sagamore  Army  Materials  Research  Conference,  Syracuse  University 
Press,  Syracuse,  New  York,  ly64,  321. 

3.  COHEN,  M. ,  et  al.  Strengthening  Mechanism  in  Steel .  Massachusetts 
Institute  of  Technology,  extract  AF  33 (65 7') -8285,  ML  TDR  64-122, 

August  1964. 

4.  STEPHENSON,  E.  T. ,  and  COHEN,  M.  The  Effect  of  Prestraining  and 
Retempering  on  .".1ST  Type  4340.  Transactions,  ASM,  v.  54,  1961,  p.  72. 

5.  BREYBR,  N.  N. ,  and  POLAKOWSKI,  N.  H.  Cold  Drcuring  of  Martensitic 
Steels  to  400,000  psi  Tensile  Stiength.  Transactions,  ASM,  v.  55,  1962, 
p.  667. 

6.  KALTSH ,  D. ,  KULIN,  S.  A.,  and  COHEN,  M.  Themomechanical  Treatments 
Applied  to  Ultrakigh- Strength  Bainites .  Symposium  on  Steels  with  Yield 
Strengths  over  200,000  psi,  ASTM  Special  Technical  Publication, 
no.  370,  October  1963,  p.  172. 

7.  HARTBOWER,  C.  E. ,  and  QRNER,  G.  M.  Metallurgical  Variables  Affecting 
Fracture  Toughness  in  High-Strength  Sheet  Alloys  Man Labs ,  Inc., 

Contract  AF  33(616)-8155,  ASD-TDR-62-868,  June  l9t>3. 

8.  BANERJEE,  B.  R. ,  and  HAUSER,  J.  J.  Research  and  Application  Engineeri-ng 
to  Determine  the  Effect  of  Processing  Variables  on  Crack  Propagation  of 
High- b  > eng th  Steels  and  Titanium.  Crucible  Steel  Co.,  Contract 
AF  33(616)-8156,  Interim  Report  No.  ASD-TDR-62-1034 ,  Part  1,  April  1963. 

9.  SIMCOE,  C.  R. ,  and  SHEHAN,  J.  P.  Properties  of  Ultrahigh- Strength 
Bainitic  Structures .  Armour  Research  Foundation,  Contract  (P)  AF  33(657)- 
8426,  Final  Report  ASD-TDR-63-4S8,  May  1963. 

10.  DiCESARE,  E.  Mechanical  Properties  of  Ccld-Draum  Marzensitio  SAE  4340 
Steel  Rod.  Army  Mateiial  and  Mechanics  Research  Center,  AMRA  TR  64-02, 

January  1964;  also  Proceedings,  ASTM,  v.  63,  1963,  p.  517, 

11.  Screening  Tests  for  High-Strength  Alloys  Using  Sharply  Notched  Cylin¬ 
drical  Specimens.  Fourth  Report,  Special  ASTM  Committee,  Materials 
Research  and  Standards,  v.  2,  no.  3,  March  1963,  p.  196. 

12.  NUNES,  J.,  and  LARSON,  F.  R.  A  Me  the  mining  the  Plastic  Flou 

Properties  of  Sheet  and  Round  Tensile  Spe^  is.  Army  Materials  and 
Mechanics  Research  Center,  WAL  TR  111.1/1,  March  1961;  also  Proceedings, 

ASTM,  v.  61,  1961,  p.  1349. 

21  - 

I 

| 

i 


13.  KLIFR,  E.  P.  The  Effect  of  a  Fatigue  Crack  on  the  Notch  Strength  artA 
Fracture  Development  in  Cylindrical  Specimens  of  Heat-Treated  ^'r40 
Steel .  Naval  Research  Laboratory  Report  NRL-SS14,  June  1963. 

14.  FOPIANO,  P.  J.,  DasGUPTA,  S.,  and  KALISH,  D.  Effect  of  Mechanical  and 
Thermal  Processing  on  High-Strength  Steele.  ManLabs,  Inc.,  Contract 
DA-19-020-ORD-52S3,  Technical  Report  WAL  TR  320.4/4-3,  June  1<>62. 

15.  BANERJEE,  B.  R.  Embrittlement  of  High-Strength  Tempered  Alloy  Marten¬ 
sites ,  Journal  of  the  Iron  and  Steel  Institute,  February  1965,  p.  166. 

16.  RADCLIFFE,  S.  V.,  SCHMATZ,  M. ,  ORNER,  G. ,  BRUGGEMAN,  G.  The  Floz  Tem¬ 
pering  of  High-Strength  Steels .  ManLabs,  Inc.,  Contract  DA-19-020-ORD- 
5252,  Technical  Report  WAL  TR  320.4/3-1,  1962. 


22 


ARMY  MATERIALS  AND  MECHANICS  RESEARCH  CENTER 
WATERTOWN t  MASSACHUSETTS  02172 

TECHNICAL  REPORT  DISTRIBUTION 

Report  No.:  AMMRC  TR  67-02  Title:  Influence  of  Tempering,  Prestraining, 
August  1967  and  Retempering  on  the  Strength  and 

Tcghness  of  High-Strength  4340  Steel 

No.  of 
Copies 

1  Office  of  the  Director,  Defense  Research  and  Engineering,  The  Pentagon, 
Washington,  I).  C.  20301 

20  Commander,  Defense  Documentation  Center,  Cameron  Station,  Building  5, 
5010  Duke  Street,  Alexandria,  Virginia  22314 

1  Defense  Metals  Information  Center,  Battelle  Memorial  Institute, 
Columbus,  Ohio  43201 

Chief  of  Research  and  Development,  Department  or  the  Army, 

Washingtor,  D.  C.  20310 

2  ATTN:  Physical  and  Engineering  Sciences  Division 

Commanding  Officer,  Amy  Research  Office  (Durham),  Box  CM, 

Duke  Station,  Durham,  North  Carolina  27706 
1  ATTN:  Information  Processing  Office 

Commanding  General,  U.  S.  Amy  Materiel  Command, 

Washington,  D.  C.  20315 

1  ATTN:  AMCRD-L,  Light  Amor  Coordination  Office 
1  AMCRD-RC-M 

Commanding  General,  Deseret  Test  Center,  Fort  Douglas,  Utah  84113 

1  ATTN:  Technical  Information  Office 

Commanding  General,  II.  S.  Amy  Electronics  Command, 

Fort  Monmouth,  New  Jersey  07703 

2  ATTN :  AMSEL-RD-MAT 

Commanding  General,  U.  S.  Amy  Missile  Command,  Redstone  Arsenal, 
Alabama  35809 
1  ATTN:  Technical  Library 

Commanding  General,  U.  S.  Amy  Munitions  Command, 

Dover,  New  Jersey  07801 
1  ATTN:  Technical  Library 


Commanding  General,  U.  S.  Army  Satellite  Communications  Agency, 

Fort  Monmouth,  New  Jersey  07703 
1  ATTN:  Technical  Document  Center 

Commanding  General,  U.  S,  Army  Tank-Automotive  Center, 

Warren,  Michigan  48090 

1  ATTN:  SMOTA-RCM. 1 

2  SMOTA-RTS,  Tech  Data  Coord  Rr 

Commanding  General,  I).  S.  Armv  Weapons  Command,  Research  and  Developnen 
Directorate,  Rock  Island,  Illinois  61201 
1  ATTN:  AMSWE-RDR 

Commanding  General,  White  Sands  Missile  Range,  New  Mexico  88002 
1  ATTN:  STEWS -WS-VT 

Commanding  Officer,  Aberdeen  Proving  Ground,  Maryland  21005 
1  ATTN:  Technical  Library,  Building  313 

Commanding  Officer,  Edgewood  Arsenal,  Maryland  21010 
1  ATTN:  Mr,  F.  E.  Thompson,  Dir.  of  Eng.  f,  Irul.  Serv.,  Chem-Mun  Br 

Commanding  Officer,  Erankford  Arsenal,  Bridge  and  Tacony  Streets, 
Philadelphia,  Pennsylvania  19137 
1  ATTN:  Library  Branch  C  2500 

Commanding  Officer,  Department  of  the  Army,  Ohio  River  Division 
Laboratories,  Corps  of  Engineers,  5851  M.rriemont  Avenue. 

Cincinnati,  Ohio  45227 
1  ATTN:  0RDLB-TR 

Commanding  Officer,  Picatinny  Arsenal,  Dover,  New  Jersey  07801 
1  m.TN:  SMUPA-VA6 

Commanding  Officer,  Redstone  Scientific  Information  Center, 

U  S,  \rmy  Missile  Command,  Redstone  Arsenal,  Alabama  358(1? 

4  a7TN:  AMSMI-RBLD,  Document  Section 

Commanding  Officer,  Watervliet  Arsenal,  h'atervliet,  New  York  12189 
1  ATTN:  SWEWV-RDT,  Technical  Information  Services  Office 

1  Commanding  Officer,  U.  S.  Amy  Aviation  Materiel  Laboratories, 

Fort  Eustis,  Virginia  23604 

Commanding  Officer,  U.  S.  Army  Aviation  School  Library, 

Fort  Rucker,  Alabama  36360 
1  ATTN :  USAAVNS-PGNRI 


No.  of 
Copies 


Commanding  Officer,  USACDC  Ordnance  Agency,  Aberdeen  Proving  Ground, 
Maryland  21005 

2  ATTN:  Library,  Building  305 

Director,  Naval  Research  Laboratory,  Anacostia  Station, 

Washington,  D.  C.  20390 
1  ATTN:  Technical  Information  Officer 

Chief,  Office  of  Naval  Research,  Department  of  the  Navy, 

Washington,  D.  C.  20315 
1  ATTN:  Code  423 


Headquarters,  Aeronautical  Systems  Division,  Wright-Patterson 
Air  Force  Base,  Ohio  4S433 
5  ATTN:  ASRCEF 


1  C.  S.  Atomic  Energy  Commission,  Office  of  Technical  Information 
Extension,  P.  0.  Box  62,  Oak  Ridge,  Tennessee  37830 


i’sValL 

1 ;;  v|a 


National  Aeronautics  and  Space  Administration,  Washington,  D.  C.  20546 
1  ATTN:  ffr.  B.  G.  Achhaiimer 

1  Mr.  G.  C.  Deutsch 

1  Mr.  R.  V.  Rhode 


National  Aeronautics  and  Space  Administration,  Marshall  Space  Flight 
Center,  Huntsville,  Alabama  35812 
1  ATTN':  R-rr,VF-M,  Dr.  W.  R.  Lucas 
1  M-F&AE-M,  Mr.  W.  A.  Wilson,  euilding  4720 

Commanding  General,  Army  Materials  and  Mechanics  Research  Center, 
Watertown,  Massachusetts  02172 
S  ATTN:  AMXMR-AT 
1  AMXMR-AA 

1  AMXMR-RP 

1  AMXMR-RX 

1  Author 


74  TOTAL  COriES  D1STRI BHTED 


l 


[j 


Security  Classification 


DOCUMENT  CONTROL  DATA  R&D 


(Security  cl*e*iHcmtton  ot  tltlm.  body  o t  abttrect  and  tndamng  mnnotmtton  tnuat  bm  entered  *4\on  (ha  ov»«!/  r*por.  '*<r  s 


1  ORIGINATING  ACTIVITY  ,  CorpofAlA  »u!hor) 

2*  REPORT  IICuRi  tv  C  LAjv*iCATiON 

Anny  Materials  and  Mechanics  Research  Center 

Unclassified 

Watertown,  Massachusetts  02172 

2b  0*0 up 

3  RfPOUT  TITLR 


INFLUENCE  OF  TEMPERING,  PRESTRAINING,  AND  RFTEMPERING  OF  THE  STRENGTH  AND 
TOUGHNESS  OF  HIGH-STRENGTH  4340  STEEL 


4  OUCAlPTiVi  vnrCi  (Type  ot  report  t inr*  •nctuaive  ctetae) 


4  AUTHORfS.1  (Laai  noma  fiiotnam «  inittmS) 

DiCesare,  Eugene 


S  RCRO  RT  DAT! 

August  1967 

•  «  CONTRAS*  0*  OAANT  NO 

9«  0*1  GIN  A  TO*#  *  E  1*0  *  T  NUMBERfSj 

*.  rrojict  no  D/A  1C02440IA1 10 

AMMRC  TR  67-02 

c  AMOMS  Code  502S.11.342 

lb  O  T  m  I  *  *1*0*T  NOfS;  (Any  other  number*  (bet  ma\  be  aaeifnnd 
(bit  report) 

d  Subtask  35831 

Ifl  *  V*  IL  ABILITY  limitation  NOTICES 


Distribution  of  this  dociment  is  unlimited. 

H  IURRI.  ***WTARY  NOT**  jtl  SPONlORING  Ml  L I  TAN  V  *  C  T  IV I T  V 

j  U.  S.  Army  '’3teriel  Command 
j  Washington,  P.  C.  20515 

IS  A»$THACT 

The  influence  of  tempering,  prestraining,  and  retempering  on  the  strength  and 
toughness  of  martensitic  and  Wainitic  4340  steel  rods  was  investigated.  The  initial 
heat  treatment  consisted  of  a  quench  and  temper  to  obtain  martensite  in  one  group 
and  formation  of  bairute  at  575  F  followed  by  tempering  in  the  second  group.  Reduc¬ 
tions  of  area  of  4  to  5  percent  were  effected,  by  cold  drawing  through  a  die  with 
and  without  KR-;kpull ,  followed  by  a  retempering  treatment  Ultimate  tensile 
strengths  approaching  385, ono  ps i  for  the  martensitic  structure  and  283,00 n  psi  for 
the  bainitic  structure  resulted  with  vield-tensilc  strength  ratios  approaching 
unity.  Notch  tensile  strength,  of  the  bainite  was  superior  to  that  of  martensite  at 
comparable  strength  levels.  The  prestraining  also  caused  a  yield  point  drop  and/or 
serrations  in  the  flow  curves.  This  was  influenced  by  specimen  test  temperature,  an. 
strain  rate,  tempering  temperature,  and  retempering  temperature.  (Author) 


\ _ _ _ _ _ _ _ _ _ _ 

DD  1473  _ yNCLA^S I  FI  ED _ 

Security  Claanficatior 


UNCLASSIFIED 

•jerii r ! ! \  C ! h s s i ( i c .. t ion 


Steel,  high  strength 

Mechanical  properties 

Notch-tensile  properties 

True  stress-true  strain 

Cold  drawing 

Martensite 

Bainite 

Tempering 

Aging 

4  340  alloy 


»OU  I  ^  r 

- f - 


INSTRUCTION. 


1.  ORIGINATING  ACTIVITY  Enter  the  name  and  address  | 
of  the  cont  actor,  subcontractor,  grantee.  Department  of  De- 
fense  activity  or  other  organization  (corporate  «ufhor)  issuing 
the  report. 

2a.  REPORT  SECURITY  CLASSIFICATION:  Enter  the  over-  j 
all  security  classification  of  the  report.  Indicate  whether 
“Restricted  Data"  is  included.  Marking  la  to  be  in  accord¬ 
ance  with  appropriate  security  regulations. 

2h-  GROUP;  Automatic  downgrading  is  specified  in  Del)  Di-  I 
rective  S200.  10  and  Armed  Forces  Industrial  Manual.  Enter 
the  group  number  Also,  when  applicable,  show  that  optional  ; 
markings  have  been  used  for  Group  3  and  Group  4  as  author- 
ired 

J»  REPORT  TITLE:  Enter  the  con^lete  repen  title  in  all 
capital  letter*.  Titles  in  all  cases  ahould  be  unclassified. 

If  a  meaningful  title  cannot  be  selected  without  classifica¬ 
tion,  show  title  classification  in  all  capitals  in  parenthesis 
immediately  following  the  title. 

4.  DESCRIPTIVE  NOTES  If  *>propn*te.  enter  'he  tv-e  of  , 
report,  e.  g, .  interim,  progress,  Summary,  annual,  or  final. 

Give  the  inclusive  dates  when  a  specific  reporting  period  >• 
covered. 

5.  AUTHORISE  Enter  the  namsK*')  of  authors)  as  shown  on 
or  in  the  report.  Enter  last  name,  first  name,  middle  initial. 

If  military,  show  rank  and  branch  of  a*~vice.  The  name  cf 
the  principal  author  is  an  absolute  minimum  requirement. 

REPORT  DATE.  Enter  the  date  of  the  report  as  day, 

-th,  year,  or  month,  year  If  more  than  one  date  appears 
;>n  the  report,  use  date  oi  publication. 

TOTAL  NUMBER  OF  PAGES  The  total  page  count 
ahould  follow  normal  pagination  procedure*,  t.e. ,  enter  the 
number  of  pages  containing  information. 

".V  NUMBER  OF  REFERENCES:  Enter  the  tots!  number  of 
teferenves  cited  in  the  report. 

Sa  CONTRACT  OR  GRANT  NUMBER:  U  apprepr iate.  ente- 
th:  applicable  number  of  the  contract  or  grant  under  which 
the  epoct  «ci  writterw 

8h.  V  8J  PROJECT  NUMBER:  Kn ier  the  appropriate 
military  depwtmenl  \d>en*  tin  at  »on,  such  as  protect  number 
suborn  ;#c.f  number,  s  .item  numbers,  task  f'umter.  etc. 

vr  ORIGINATOR'S  REPORT  NUM9ER-SV  Enter  t’.r  effi- 
,  ;aS  report  number  by  which  the  document  w»J!  be  identified 
and  controlled  by  the  originating  eot;rity.  This  number  nui! 
be  usvQvs  to  this  report. 

■'it-  OTHt'R  REPORT  NUMBERS)  If  the  report  has  beer, 
assigned  any  o*  »fr  report  number*  '  er/.her  tv  fhe  ortginsrzr 
c-r  i> v  fh#  looftior'  also  enter  this  number-  »\ 


0.  AVAILABILITY  LIMITATION  NOTICES:  Enter  any  lim¬ 
itations  on  further  dissemination  of  the  report,  other  »han  those 
imposed  by  security  classification,  using  standard  statements 
such  as: 

^1)  “Qualified  requester*  may  obtain  copies  of  this 
report  from  D DC. ' " 

(2)  “Foreign  announcement  arid  dissermnat ion  of  this 
report  by  DDC  is  not  authonred.” 

(3)  “U.  S.  Government  agencies  may  obtain  copies  of 
this  report  directly  frcr~  DC.  Other  qua! if*.  1  DDC 
users  shall  request  t.uough 

v4)  “U.  S.  military  agencies  may  obtain  copies  of  this 

report  directly  from  DDC  Other  qualified  user* 
shall  request  through 


(5)  “All  distribution  of  this  report  is  controU.eo. 
tfied  DDC  users  shall  request  through 


If  th*  report  ha*  been  furnished  t  the  Office  r>f  Technical 
Services,  Department  of  Commerce,  for  sale  to  the  public,  mdi 
cate  this  fact  and  =?nter  the  price,  if  known. 

11.  SUPPLEMENTARY  MOTES:  Use  for  addition  si  espl  ana- 
tory  notes. 

12.  SPONSORING  MILITARY  ACTIVITY  Enter  the  name  of 
the  depart  s?»ent a!  project  office  o>  !  abor story  sponsoring  (per 
ing  tor)  the  race  arch  and  development.  Include  address. 

13  ABSTRACT  Enter  an  abstract  giving  a  brief  and  factual 
summary  cf  the  document  indicative  of  'he  report  *%  an  though 
: t  r^-*^  *!*o  a p peat  else  *h err  >n  the  bod*  r  the  technics!  re 
pH- rt  If’  additions’  space  i*  .mqiiirerf  *  continuation  sheet 
•  hall  be  attached 

It  :«  highly  deSsrabie  that  the1  eb*trs-.r  nf  classified  re¬ 
ports  hr  unclassified  Each  paragraph  'd  the  abstract  shall 
r;-ni  with  an  i  n  1  :•.-*»  i'n  of  the  military  security  Classification 
of  ?>>r  ini’orma?  ion  n  the  paragraph  rrprMfc'^.j  at  7~v 
c  '  'f  U  ‘ 


There  is  n.  !?  — itatj  n  ”■  *S*  length  -f  the  ahatrec  •  How 

ever  -he  suggested  l eng**  »  ?'r ^  5 **'  v.or:i« 

14  v  V  y  tkO#?DS  Kn  words  are  technically  meaningful  terms 
or  short  -,fir.  krl  *h«*  character. re  a  re po -t  and  Ke  used  as 

;p  Jr  t  f.-v  •  im  ;  . «r  the  'ri'-vW?  Key  *  "nt »  must  be 

select*--*  v"  !hs  nc  tf.  ,  !iii:iu  »‘i-'-  .«  requ’oed  Iden- 

s  uc  ■  «»  ■  4  Iipment  mo  de 1  designation  trade  -name  —  1. 1 


•dr  ''***'*  <r  'era; 


a i  be  used  as 


U!i  CLASSIFIED 

••.'u.-iu  Ci»!.s!ric*(ion 


